Introduction
Mast cells are considered to be the primary cell type responsible for allergic disease and play an important role in modulating both innate and adaptive immune responses in humans. [1] [2] [3] [4] More recently, these cells have been implicated in autoimmune and inflammatory diseases. Mast cells are fairly long lived and have the capacity to proliferate on stimulation in vivo. Furthermore, enhanced recruitment of these cells in response to allergens or other stimuli results in their expansion in vivo. [1] [2] [3] [4] Although it has been known for some time that the expansion, survival, and maturation of mast cells in the bone marrow (BM) and in various tissues are largely controlled by signals generated in response to KIT receptor stimulation by its ligand, stem cell factor (SCF; KIT ligand), and by IL-3 receptor stimulation by IL-3, how precisely this occurs is still not fully understood. [1] [2] [3] [4] Class I A phosphatidylinositol-3-kinases (PI3Ks) are heterodimeric lipid kinases composed of p110 catalytic subunits and p50, p55, or p85 regulatory subunits. The regulatory subunits, via their src homology (SH) 2 domains, bring the enzyme complex to activated cytokine or tyrosine kinase-containing receptors, enabling the catalytic subunits to convert plasma membrane associated phosphatidylinositol-4,5-bisphosphate to the important second messenger phosphatidylinositol-3,4,5-trisphosphate (PIP3). 5, 6 In the hematopoietic system, there are 2 genes, PIK3R1 and PIK3R2, that encode p85␣ and its splice variants p55␣, p50␣, and p85␤. In addition to the regulatory subunits, 3 separate genes, PIK3CA, PIK3CB, and PIK3CD, encode p110␣, p110␤, and p110␦ catalytic subunits, respectively. It is generally believed that each p85 isoform is equally capable of binding all p110 isoforms and vice versa. 6 PIP3 acts as a lipid second messenger to amplify cytokine or growth factor-induced signals by binding to pleckstrin homology domains of several proteins, including the serine/threonine kinase AKT. Importantly, the hematopoietic-restricted SH2-containing inositol 5Ј-phosphatase SHIP inhibits the PI3K pathway primarily by hydrolyzing PIP3 to phosphatidylinositol-(3,4)-bisphosphate. 7 Whereas PIP3 levels are regulated by its synthesis by PI3K and its degradation by phosphoinositide phosphatases such as SHIP, the relative contribution of PIP3, PI3K, and SHIP to maturation of bone marrow cells into mast cells is not known.
Recent studies have shown that both p85␣ and SHIP contribute to many mast cell functions [8] [9] [10] ; however, how these 2 proteins with opposing biochemical functions contribute to mast cell maturation and survival is unclear. In the current study, we define a novel pathway involving p85␣/AKT/Mitf in regulating the maturation of mast cells and demonstrate that p85␣-induced maturation and growth signals can be uncoupled.
Methods
Mice p85␣ Ϫ/Ϫ , SHIP Ϫ/Ϫ , and W sh mice (all on C57/BL6 backgrounds) have been described previously. [8] [9] 11 All mice were used between 6-10 weeks The online version of this article contains a data supplement.
The publication costs of this article were defrayed in part by page charge payment. Therefore, and solely to indicate this fact, this article is hereby marked ''advertisement'' in accordance with 18 USC section 1734. of age. Mice doubly deficient in p85␣ and SHIP were generated by crossing p85␣ ϩ/Ϫ and SHIP ϩ/Ϫ mice. To better understand the role of p85␣, p55␣, and p50␣ in mast cell development, we also used the Cre/lox approach to generate mice in which all 3 p85␣ isoforms were deleted in a tissue-specific manner as described previously. 12 To generate mice deficient in the expression of p85␣, p55␣, and p50␣ (p85␣ fl/fl ) in hematopoietic cells, we crossed p85␣ fl/fl mice with Mx-Cre mice to generate p85␣ fl/fl /Cre ϩ mice in which induction of Cre recombinase by poly I:C injection deletes the gene that encodes p85␣, p55␣, and p50␣ subunits. Progeny from these mice were genotyped by polymerase chain reaction (PCR). All mice were maintained under specific pathogenfree conditions at the Indiana University Laboratory Animal Research Center (Indianapolis, IN). All studies were approved by the Indiana University Laboratory Animal Resource Center. 
Transduction and expression of various constructs in BMMCs
Retroviral supernatants for transduction of mast cell progenitors (MCps) were generated using the Phoenix ecotropic packaging cell line transfected with retroviral vector plasmids (cDNAs encoding Mitf, Gata-2, and various p85 mutants) using a calcium phosphate transfection kit (Invitrogen). Supernatants were collected 48 hours after transfection and filtered through 0.45-m membranes. BM-derived mast cells (BMMCs) were suspended in IMDM containing 20% FBS and 2% penicillin/streptomycin, and prestimulated in nontissue culture plates supplemented with SCF (50 ng/mL) and IL-3 (10 ng/mL) for 48 hours before retroviral infection on fibronectin fragments. After infection, cells were sorted to homogeneity based on enhanced green fluorescent protein (EGFP) expression and used to perform all experiments. BMMCs infected with MSCV-p110CAAX were cultured in BMMC media for 2 days followed by selection with puromycin. 13 Hemagglutinin (HA)-tagged ActAKT is a constitutively active form of AKT that has a myristoylation sequence at the amino terminal, which causes AKT to associate with the membrane, leading to its constitutive phosphorylation and activation. 14 Transduced cells were grown in BMMC media for an additional 2-3 weeks and analyzed by flow cytometry for the expression of KIT and IgE receptor.
Results
Because SHIP has been shown to play a central role in repressing the activation of the PI3K pathway after cytokine and growth factor stimulation in BMMCs by hydrolyzing PIP3 to phosphatidylinositol-(3,4)-biphosphate, 7, 15 we assessed the effect of the presence or absence of SHIP on the maturation of BMMCs from its precursors (see supplemental Methods, available on the Blood Web site; see the Supplemental Materials link at the top of the online article). Specifically, BM from WT and SHIP Ϫ/Ϫ mice were cultured for 4 weeks with IL-3, and then their maturation into mast cells was assessed by carrying out cytospins over time. We observed significant differences in the morphology of cells derived from WT and SHIP Ϫ/Ϫ mice. In particular, we observed that deficiency of SHIP alone in cultures induced the development of a higher percentage of cells that resembled more mature mast cells compared with WT controls. The differences in morphology were apparent at the end of second, third, and fourth week of culture (data not shown). To further explore the possibility of accelerated mast cell maturation because of elevated PI3K activity, we systematically monitored the acquisition and emergence of KIT and IgE receptor double-positive cells at the end of every week of culture in vitro in the 2 genotypes. Although the percentage of KIT and IgE receptor double-positive cells on day 0 in the BM from both genotypes was similar (data not shown); soon after, and at the end of weeks 1, 2, and 3, the maturation of SHIP-deficient BMMCs was significantly enhanced relative to controls ( Figure 1A ). To assess the signaling molecules that might contribute to the enhanced maturation of SHIP-deficient BMMCs, we examined the activation of AKT, Stat5, JNK, and ERK in the 2 genotypes. Although a subtle change in the activation of most of the above-mentioned signaling molecules was observed in the 2 genotypes; activation of AKT was significantly enhanced in SHIP Ϫ/Ϫ BMMCs relative to WT controls (Figure 1B lane 2 and compared with lanes 5 and 6). To assess whether the enhanced maturation observed in SHIP-deficient BMMCs was mediated by elevated PI3K activity in response to the binding of p85␣-p110 complex to the activated receptor, we crossed SHIP-deficient mice with p85␣-deficient mice and generated SHIP and p85␣ double knockout mice (SHIP Ϫ/Ϫ :p85␣ Ϫ/Ϫ or DKO). Cytospins performed on BMMCs from the 4 genotypes showed significant differences in cell morphology during maturation. Specifically, we observed that deficiency of p85␣ alone in MCps induced the development of fewer mature BMMCs compared with WT or SHIP Ϫ/Ϫ cells (data not shown). Furthermore, although the frequency of KIT and IgE receptor double-positive cells on day 0 in the BM from all 4 genotypes was similar (data not shown), MCps lacking p85␣ showed a profound reduction in the expression of KIT and IgE receptor double-positive cells, whereas MCps deficient in the expression of both SHIP and p85␣ behaved in a manner similar to WT BMMCs ( Figure 1A) . Importantly, the reduced AKT activation associated with reduced maturation of p85␣ Ϫ/Ϫ BMMCs was rescued in DKO BMMCs (Figure 1B lanes 8 and 9 compared with lanes 11 and 12). Thus, PI3K-induced AKT activation probably contributes to the maturation of BMMCs.
Maturation of mast cells, including the expression of KIT, is regulated to a large extent by the transcription factor Mitf. [16] [17] [18] [19] Two alternatively spliced forms of Mitf have been reported previously in mast cells. 20 Loss of Mitf expression or mutations in the Mitf gene has been shown to impact the expression of multiple mast cell-specific genes, including KIT. 21 To determine whether the increased rate of BMMC maturation, including the expression of KIT, because of SHIP deficiency is a result of increased Mitf expression, we performed Western blot analysis on BMMCs derived from WT, SHIP Ϫ/Ϫ , p85␣ Ϫ/Ϫ , and DKO mice. Figure 1C demonstrates a significant increase in the expression of Mitf in To directly assess the consequence of hyperactivation of the PI3K/AKT pathway on the maturation of BMMCs, we compared the maturation of WT MCps expressing a constitutively activated version of PI3K (p110CAAX) versus an empty vector control. Transduced cells were selected in the presence of puromycin. As seen in Figure 2A , whereas introduction of the empty vector encoding the puromycin resistance gene led to the acquisition of ϳ 40% KIT and IgE receptor double-positive BMMCs; expression of p110CAAX resulted in ϳ 70% KIT and IgE receptor double-positive BMMCs during the same time period under identical culture conditions. The increase in the maturation of p110CAAX-expressing MCps was associated with enhanced constitutive activation of AKT ( Figure 2B lane 2) .
To further determine whether the increased rate of BMMC maturation in cells bearing activated version of PI3K is a result of increased Mitf expression, we performed Western blot analysis on WT BMMCs expressing an empty vector or p110CAAX. As seen in Figure 2C , a significant increase in the expression of Mitf was observed in BMMCs expressing p110CAAX compared with empty vector-transduced cells. Thus, similar to the results obtained using SHIP Ϫ/Ϫ MCps, expression of a constitutively active version of PI3K in WT MCps also results in increased activation of AKT, increased expression of Mitf and accelerated BMMC maturation.
Because loss of SHIP and expression of p110CAAX in BMMCs demonstrated hyperactivation of AKT, which was significantly reduced in p85␣ BMMCs, we directly assessed the role of activated AKT in the maturation of WT BMMCs. Specifically, WT MCps were infected with an activated version of AKT (Act AKT) or empty vector and assessed for maturation. As seen in Figure 2D , hyperactivation of AKT not only accelerated the rate of WT BMMC maturation but also led to increased expression of Mitf ( Figure 2C lane 1 compared with lane 3) . Importantly, and consistent with reduced AKT activation observed in p85␣ Ϫ/Ϫ BMMCs ( Figure 1B) , expression of an activated version of AKT in p85␣ Ϫ/Ϫ MCps not only restored BMMC maturation, including the expression of KIT but also the expression of Mitf ( Figure 2D-E) . These results suggest that both p85␣-induced AKT activation and Mitf expression are essential for normal BMMC maturation. Because MCps derived from p85␣ Ϫ/Ϫ mice showed impaired BMMC maturation, we asked whether deficiency of p85␣ in MCps accumulates other lineages including myeloid cells. We cultured BM cells from WT and p85␣ Ϫ/Ϫ mice for 3 weeks under conditions that induce mast cell maturation and analyzed the expression of myeloid cell markers including Gr-1 and Mac-1 by flow cytometry. Interestingly, cultures deficient in the expression of p85␣ showed a dramatic increase in the frequency of Gr-1 and Mac-1-positive cells compared with controls, suggesting that deficiency of p85␣ in BM cells tends to promote the generation of Gr-1/Mac-1-positive myeloid cells as opposed to BMMCs (Figures 1B and 3A) . Consistent with flow cytometric analysis, cytospins performed on p85␣ Ϫ/Ϫ BMMCs showed more number of cells with morphology similar to Gr-1/Mac-1-positive cells compared with WT BMMCs ( Figure 3A) . To identify the mechanism behind this alteration, we analyzed the expression of transcription factors that are important for the maturation and generation of BMMCs and Gr-1/Mac-1-positive myeloid cells, including Mitf, Gata-2, and PU.1. 22 As seen in Figure 3B , p85␣-deficient cells showed reduced expression of Mitf relative to WT cells. In contrast, increased expression of Gata-2 was observed in p85␣-deficient cells compared with controls ( Figure 3B) . No difference in the expression of PU.1 was observed between the 2 genotypes ( Figure 3B ). To assess the physiologic relevance of the differential expression of Mitf and Gata-2 in p85␣ Ϫ/Ϫ progenitors, we infected WT MCps with Mitf or Gata-2 alone or in combination and analyzed BMMC maturation. Although overexpression of Mitf in WT BMMCs led to accelerated BMMC maturation; Gata-2 overexpression reduced WT BMMC maturation compared with vector-transduced cells ( Figure 3C ). Interestingly, coexpression of Mitf and Gata-2 showed significantly enhanced BMMC maturation relative to Gata-2-overexpressing cells ( Figure 3C ). Importantly, Gata-1 overexpression showed no significant effect on the maturation of BMMCs (data not shown). Consistent with the association between enhanced Gata-2 expression and increased frequency of Gr-1 ϩ /Mac-1 ϩ cells, overexpression of Gata-2 in WT mast cell progenitors also led to increased frequency of Gr-1 ϩ /Mac-1 ϩ cells, which was modulated as a result of Mitf coexpression ( Figure 3C ).
To further assess the importance of Mitf in regulating PI3K-mediated BMMC maturation, we expressed Mitf in p85␣ Ϫ/Ϫ BMMCs. Figure 4A demonstrates rescue in the expression of KIT by Western blotting in p85␣ Ϫ/Ϫ BMMCs engineered to express the Mitf cDNA relative to the vector-infected control p85␣ Ϫ/Ϫ cells. Figure 4B shows flow cytometry profiles of BMMCs infected with various constructs. As seen in 2 independent experiments, expression of MITF in p85␣ Ϫ/Ϫ cells rescued the maturation of BMMCs, including the expression of KIT and IgE receptor to near WT levels. Furthermore, restoring the expression of full-length p85␣ in p85␣ Ϫ/Ϫ BMMCs restored the expression of KIT and Mitf as well as the maturation of these cells, as determined by the expression of KIT and IgE receptor (Figure 4C-D) . Together, these results demonstrate that an essential balance in the expression of Mitf and Gata-2 in adult BM-derived MCps is essential for normal BMMC maturation, which is tightly controlled by signals emanating from the p85␣ regulatory subunit of the class I A PI3K/AKT pathway. p85␣, p50␣, and p55␣ are splice variants encoded by PIK3R1. Previous studies have shown that mice lacking full-length p85␣ are viable but that lack of all subunits of p85␣, ie, p85␣, p50␣, and p55␣, result in embryonic lethality, suggesting an essential role for the shorter isoforms of p85␣ for normal development. Because abnormal maturation of BMMCs was observed in cells deficient in the full-length version of p85␣ in spite of the presence of p50␣ and p55␣, we assessed the role of these shorter subunits in BMMC maturation. We conditionally deleted p55␣ and p50␣ along with the full-length version of p85␣ using the Cre-Lox system, and we compared maturation with cells deficient in only the full-length version of p85␣. Figure 5A shows a schematic of the 3 p85␣ isoforms. Figure 5B shows complete deletion of all 3 p85␣ isoforms after poly I:C injection in p85␣ fl/flϪ/Ϫ mice. As seen in Figure 5C , further reduction in the maturation of BMMCs was observed in p85␣ fl/flϪ/Ϫ BMMCs (which lack p85␣, p55␣, and p50␣) compared with p85␣ Ϫ/Ϫ cells (which only lack p85␣). These results suggest that reduction in the expression of the smaller isoforms of p85␣, namely, p50␣ and p55␣ further impairs the maturation of BMMCs.
To determine whether the impact of the full-length p85␣ and its shorter isoforms (p50␣ and p55␣) on BMMC maturation was qualitative or quantitative, we cloned p50␣ into a bicistronic retroviral vector (MIEG3) and overexpressed it in MCps lacking only the full-length form of p85␣. Figure 5D shows the expression of p85␣ and p50␣ in transduced p85␣-deficient MCps. As seen in Figure 5E , overexpression of p50␣ in p85␣-deficient MCps completely restored the defective BMMC maturation to levels comparable with that of cells in which the full-length form of p85␣ was restored. Quantitative data from 5 independent experiments is shown in Figure 5F . These results suggest that the amino terminal sequences of the full-length form of p85␣ may not be necessary for regulating mast cell maturation. To further explore this notion, we created p85␣ mutant constructs that lack either the SH3 (p85␣⌬SH3) or the BCR homology (BH) domains (p85␣⌬BH) of the full-length p85␣. Cells lacking only the full-length form of p85␣ were infected with these constructs and subjected to differentiation. Figure 6A shows a schematic of the full-length p85␣ and p85␣ mutant's ⌬SH3 and ⌬BH. Figure 6B shows the expression of the full-length p85␣ and the mutants in p85␣-deficient cells. As seen in Figure 6C and D, expression of the mutant versions of p85␣ in p85␣-deficient cells completely corrected the defective BMMC maturation as well as Mitf expression (data not shown) to near WT levels, further confirming that the amino terminal domains of p85␣ are not essential for the maturation of mast cells from its precursors.
Next, we assessed whether the in vitro observations with respect to SHIP-p85␣ interactions also occur in vivo. We intravenously injected low-density BM cells from WT, SHIP Ϫ/Ϫ , p85␣ Ϫ/Ϫ , and DKO mice into W sh mice, which lack endogenous mast cells. Four months after transplantation, mice were killed, and peritoneal lavage fluid and tissues were harvested to enumerate mast cells in vivo. We first harvested mast cells from the peritoneal cavity of recipient W sh mice, and then we counted and stained cells with anti-KIT and anti-IgE receptor antibody followed by flow cytometric analysis. As seen in Figure 7A and B, loss of SHIP alone resulted in a significantly enhanced percentage and number of mast cells in the peritoneal cavity of W sh -transplanted mice. In contrast, deficiency of both SHIP and p85␣ reduced the increased number of mast cells associated with SHIP deficiency to levels observed with p85␣ Ϫ/Ϫ BM cells ( Figure 7A-B) . These results suggest that the enhanced number of mature mast cells in the peritoneal cavity of SHIP Ϫ/Ϫ BM-transplanted mice is because of enhanced PI3K activity mediated via the p85␣ regulatory subunit of class I A PI3K.
To further assess the distribution of mast cells in various tissues of W sh -transplanted mice, we harvested, embedded, sectioned, and stained various tissues of mice transplanted with BM cells from the 4 genotypes. As seen in Figure 7C and D, we found an increase in the number of mast cells in W sh mice lacking SHIP in various tissues, including stomach, duodenum, ileum, colon, and ear. Interestingly, however, although the number of mast cells in the ear was reduced to WT levels in mice deficient in both SHIP and p85␣, mast cells in tissues such as the stomach, duodenum, ileum, and colon were significantly lower than that obtained with WT BM (Figure 7C-D) . These results further demonstrate that PI3K activity plays a major role in regulating mast cell numbers in vitro and in vivo. Furthermore, although deficiency of p85␣ in SHIP Ϫ/Ϫ BM cells shows similar BMMC maturation in vitro compared with WT cells, in vivo it normalizes mast cell numbers to WT levels in some tissues but not all, suggesting subtle but differential in vivo localized tissue dependence of mast cells on this pathway.
The lack of equivalent number of tissue mast cells in vivo in spite of similar maturation of BMMCs in vitro in cells lacking both SHIP and p85␣ led us to examine the growth potential of DKO BMMCs. In vivo, KIT-SCF interactions play an essential role in maintaining the growth of tissue mast cells. To assess whether defective KIT signaling may explain the lack of complete rescue in the number of mast cells in some tissues of DKO mice, we examined SCF-induced growth in the 4 genotypes. As seen in Figure 7E , although IL-3-induced growth in DKO BMMCs is normalized to WT levels, SCF-induced growth in DKO BMMCs was similar to that of p85␣-deficient BMMCs. Because loss of p85␣ in the setting of SHIP deficiency completely corrects the maturation of BMMCs and the amino terminal sequences of p85␣ are not essential for this process, we examined whether amino terminal sequences of p85␣ are necessary for KIT-induced growth and mast cell homeostasis in vivo. As seen in Figure 7F and G, p85␣-deficient For personal use only. on July 20, 2017 . by guest www.bloodjournal.org From BMMCs expressing either the SH3 or the BH domain deleted version of p85␣ or the p50␣ subunit of p85 resulted in only 50% correction in KIT-induced proliferation in vitro and significant reduction in the repopulating ability of mast cells in vivo relative to controls (data not shown). Thus, although the amino terminal sequences of p85␣ are nonessential for driving the maturation of BMMCs, they play an essential role in regulating the SCF-induced growth and survival of mast cells once the maturation of these cells has been accomplished.
Discussion
Although the predominant role of SHIP seems to involve the hydrolysis of PIP3 and it is generally believed that most phenotypes because of SHIP deficiency are a result of elevated PIP3; SHIP also performs other functions, including functioning as an adaptor protein. In this regard, in some scenarios, SHIP is likely to compete with Grb2 for Shc to modulate Ras activation. 23 SHIP also has been shown to recruit p62Dok and to modulate Ras activity and also may induce the activation of SHP2. 24, 25 Our in vitro and in vivo findings suggest that the increased rate of BMMC maturation and tissue mast cell numbers because of SHIP deficiency are predominantly a result of enhanced PI3K activity via the recruitment and activation of the p85␣-p110 PI3K complex, because deficiency of p85␣ alone in BMMCs lacking SHIP corrects the enhanced maturation defect in vitro and partially restores normal mast cell numbers in vivo. These findings are further supported by conducting experiments using WT and p85␣ Ϫ/Ϫ MCps expressing activated versions of PI3K and AKT, respectively. Thus, even though SHIP has been implicated in regulating many functions, including levels of Ras, our results suggest that its predominant role is to break down PIP3 generated via the p85␣-p110 complex in mast cells. Our results also demonstrate that downstream from PI3K/AKT, the transcription factor Mitf plays an essential role in driving the maturation of mast cells and that the expression of Mitf in MCps is regulated in part via the PI3K/AKT pathway. Mitf is a basic helix-loop-helix leucine zipper transcription factor. Mice with mutations in Mitf demonstrate severe defects in the maturation of mast cells. Mitf functions by regulating several mast cell genes, including mast cell proteases, adhesion and cell surface signaling molecules, and transporters.
Our results show that too much Gata-2 expression as reflected by its overexpression in WT MCps or because of p85␣ deficiency results in accumulation of Gr-1/Mac-1 double-positive myeloid cells as opposed to mast cells. Previous studies have shown that overexpression of Gata-2 in purified BM cells can result in very different outcomes. 26, 27 Our data suggest that some downregulation of Gata-2 is essential for normal BMMC maturation to occur. Likewise, up-regulation of Mitf is essential during early phases of BMMC maturation. Our results demonstrate that this process is tightly controlled by PI3K. When PI3K activity is elevated in MCps, Mitf is induced, which drives BMMC maturation in an AKT-dependent manner. In the absence of or reduced PI3K activity, AKT levels are reduced, which impairs the development of BMMCs and modulates the maturation of BM cells toward Gr-1/Mac-1 double-positive myeloid cells, which is associated with the accumulation of Gata-2 and repression of Mitf ( Figure 7H ).
Although maturation of BM cells deficient in the expression of both SHIP and p85␣ is similar to WT levels; the number of tissue mast cells in vivo in mice lacking SHIP and p85␣ was not equivalent to WT levels. This is probably because of KIT-induced defects in growth and survival in cells lacking both SHIP and p85␣. Thus, although maturation in DKO BMMCs is normalized to WT levels, once mature, these cells may require additional signals in the form of KIT to maintain survival and growth of fully mature cells, and perhaps it is the survival and growth signals in DKO cells that remain defective in some tissues in vivo. To this end, we found IL-3-induced proliferation and survival to be normalized to WT levels in DKO BMMCs, whereas SCF-induced survival signals were only partially rescued. After 24 hours of culture, a 50% difference in the survival was observed between BMMCs derived from p85␣ Ϫ/Ϫ mice versus DKO mice (data not shown). Therefore, it is likely that lack of complete in vivo correction of tissue mast cells in DKO mice is a result of impaired SCF-induced survival signals. Consistent with this observation, only a partial rescue in SCF induced Bcl-xL and Bcl-2 expression was observed in DKO BMMCs stimulated with SCF compared with WT controls, whereas IL-3-induced Bcl-xL and Bcl-2 expression was completely normalized (data not shown). Previous studies by us and others have shown that Bcl-xL/Bcl-2 play an essential role in regulating tissue mast cell numbers downstream from Stat5 and Rac2. 28, 29 Together, our results provide evidence to suggest that PI3K's mast cell maturation function, including the regulation of Mitf, can be uncoupled from its proliferation and survival function.
To further assess the role of the p85␣-p110 PI3K complex in regulating maturation versus proliferation and survival of BMMCs, we examined the role of shorter isoforms of p85␣. Our results demonstrate that although shorter isoforms of p85␣ are sufficient to restore BMMC maturation, KIT induced growth and survival functions require the N-terminal SH3 and BH domains of p85␣. Several lines of evidence indicate that the unique N terminus of p85␣ is required for the activation of the Rho/cdc42/JNK pathway. 30, 31 For example, restoring the expression of full-length p85␣ in p85␣-deficient livers restores JNK activation, whereas reexpression of the shorter isoforms, that is, p55␣ and p50␣, does not. 30 Interestingly, deletion of either the SH3 or the BH domain from the full-length form of p85␣ impairs its ability to activate cdc42 without altering its ability to activate PI3K, suggesting that reduced cdc42 activation is probably not a result of impaired p85 function but a result of not having the SH3 and the BH domains. 30 Thus, the defect in BMMC maturation is probably because of quantitative reduction in p85 subunits rather than because of unique loss of the full-length form of p85␣. In contrast, SCFinduced growth clearly requires the presence of an intact SH3 and BH domain of p85␣ because mutants of p85 lacking these domains only partially restore BMMC proliferation. Together, our results provide new evidence to suggest a dual role for p85␣ subunits in BMMC maturation and growth, which can be uncoupled. 
